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PATENT 

Attorney Docket No.: 040092-0094 lOUS 
Client Reference No.: MS-01306 

WAVEGUTOE-BASED OPTICAL INTERFEROMETER 

CROSS-REFERENCES TO RELATED APPLICATIONS 
[0001] This application is a continuation-in-part application to U.S. Application No. 
5 1 0/05 1 ,122, which is incorporated by reference herein. 

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER 
FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 
[0002] NOT APPLICABLE 

10 

REFERENCE TO A "SEQUENCE LISTING," A TABLE, OR A COMPUTER 
PROGRAM LISTING APPENDIX SUBMITTED ON A COMPACT DISK. 
[00031 NOT APPLICABLE 

1 5 BACKGROUND OF THE INVENTION 

[0004] The present invention relates generally to interferometer techniques. More 
particularly, the invention provides a method and system for using waveguide in an 
interferometer. Merely by way of example, the invention has been applied to measuring 
spatial locations, but it would be recognized that the invention has a much broader range of 

20 applicability. 

[0005] laterferometers have been widely used for spatial measurements. The 
interferometers include homodyne interferometers, such as conventional Michelson 
interferometer, and heterodyne interferometers. Homodyne interferometers use laser beams 
at the same frequency, while heterodyne interferometers use laser beams at different 
25 frequencies. 

[0006] Interferometers measure the phase of a continuous signal for as long as the signal 
remains stable over all portions of a reference path and a measurement path. The major 
practical problem with high resolution interferometry is that changes of optical path-lengths 
in the system, including ones that are not intended, are measured. After optical beams are 
30 split in the interferometer, movement of optical components, especially mirrors, add or 

subtract optical path-length from one of the two beams separately, resulting in a signal that is 



unrelated to the measurement. Therefore, stabihty of optical components in the separate legs 
of the interferometer is usually important. See J, D. Trolinger, Ultra High Resolution 
Interferometry, Proc. SPIE Vol. 2816, pp. 1 14-123 (1996). 
[0007] Hence, it is desirable to improve interferometer techniques. 

5 

BRIEF SUMMARY OF THE INVENTION 
[0008] The present invention relates generally to interferometer techniques. More 
particularly, the invention provides a method and system for using waveguide in 
interferometer. Merely by way of example, the invention has been applied to measuring 
10 spatial locations, but it would be recognized that the invention has a much broader range of 
applicability. 

[0009] According to a specific embodiment of the present invention, an apparatus for 
measuring spatial locations includes a first object at a first location, a second object at a 
second location, and a waveguide-based interferometer coupled between the first object and 

15 the second object. The waveguide-based interferometer includes a waveguide material. The 
waveguide material is adapted to carry at least a reference beam and a measurement beam. 
The reference beam traverses a first path defined within the waveguide material. The 
measurement beam traverses a second path defined within the waveguide material and a third 
path defined outside of the waveguide material. The third path is related to at least one of the 

20 first location and the second location. 

[0010] According to another embodiment of the present invention, an apparatus for 
measuring spatial locations includes a first object at a first location, a second object at a 
second location, and a waveguide-based interferometer coupled between the first object and 
the second object. The waveguide-based interferometer includes a waveguide material. The 

25 waveguide material is adapted to carry at least a reference beam at a reference firequency and 
a corresponding reference wavelength and a measurement beam at a measiu-ement fi-equency 
and a corresponding measurement wavelength. The reference fi-equency is different firom the 
measurement frequency. The reference beam traverses a first path defined within the 
waveguide material. The measurement beam traverses a second path defined within the 

30 waveguide material and a third path defined outside of the waveguide material. The third 
path related to at least one of the first location and the second location, 

[0011] According to yet another embodiment of the present invention, an apparatus for 
measuring spatial locations includes a first object at a first location, a second object at a 



2 



second location, and a waveguide-based interferometer coupled between the first object and 
the second object. The waveguide-based interferometer includes a waveguide material. The 
waveguide material is adapted to carry at least a first reference beam at a first fi-equency and a 
corresponding first wavelength, a second reference beam at a second fi-equency and a 
5 corresponding second wavelength, a first measxu-ement beam at the first fi-equency and the 
corresponding first wavelength, and a second measurement beam at the second frequency and 
the corresponding wavelength. The first frequency is different from the second frequency. 
The first reference beam traverses a first reference path defined within the waveguide 
material. The second reference beam traverses a second reference path defined within the 

10 waveguide material. The first measurement beam traverses a first measurement path defined 
within the waveguide material and an extemal path defined outside of the waveguide 
material. The extemal path is related to at least one of the first location and the second 
location. The second measurement beam traverses a second measurement path defined 
within the waveguide material. The first measurement path and the first reference path have 

15 a first common end. The second measurement path and the second reference path have a 
second common end. 

[0012] According to yet another embodiment, an apparatus for measuring spatial locations 
includes a first object at a first location, a second object at a second location, and a 
waveguide-b2ised interferometer coupled between the first object and the second object. The 

20 waveguide-based interferometer includes a waveguide material. The waveguide material is 
adapted to carry at least a first reference beam at a first frequency and a corresponding first 
wavelength, a second reference beam at a second frequency and a corresponding second 
wavelength, a first measurement beam at the first frequency and the corresponding first 
wavelength, and a second measurement beam at the second frequency and the corresponding 

25 wavelength. The first frequency is different from the second frequency. The first reference 
beam traverses a first reference path defined within the waveguide material. The second 
reference beam traverses a second reference path defined within the waveguide material. The 
first measurement beam traverses a first measurement path defined within the waveguide 
material and a first extemal path defined outside of the waveguide material. The first 

30 extemal path is related to the first location. The second measurement beam traverses a 

second measurement path defined within the waveguide material and a second extemal path 
defined outside of the waveguide material. The second extemal path is related to the second 
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location. The first measurement path and the first reference path have a first common end. 
The second measurement path and the second reference path have a second common end. 

[0013] According to yet another embodiment of the present invention, an apparatus for 
measuring spatial locations includes a first object at a first location and a waveguide-based 
5 interferometer coupled to the first object. The waveguide-based interferometer includes a 
waveguide material. The waveguide material is adapted to carry at least a first beam and a 
second beam. The first beam traverses a first path defined within the waveguide material. 
The second beam traverses a second path defined within the waveguide material and a third 
path defined outside of the waveguide material. The third path is related to the first location. 

10 [0014] Many benefits are achieved by way of the present invention over conventional 

techniques. For example, certain embodiments of the present invention replaces many of the 
optical components, their mountings and mechanically variable paths in a conventional 
interferometer with photolithographically defined components in an inherently stable single 
mode planar optical waveguide circuit. The waveguide circuit is a planar lightwave circuit 

15 (PLC) fabricated in silica on silicon, for example, as described in M. Kawachi, Silica 

waveguides on silicon and their application to integrated-optic components. Optical and 
Quantum Electronics, Vol. 22, pp391-416 (1990). Other material systems may be used but 
PLC in silica on silicon usually has mechanical robustness, thermal stability, low coefficient 
of thermal expansion and commercial fabrication process maturity. Some embodiments of 

20 the present invention use a PLC containing at least two circulating optical waveguide circuits. 
The two circuits are non-interfering until combined at an output coupler. Circuit or 
waveguide paths on the PLC are photolithographically defined so that thermally induced 
path-length differences between the two non-interfering circuits are compensated. 
[0015] Various additional objects, features and advantages of the present invention can be 

25 more fiiUy appreciated with reference to the detailed description and accompanying drawings 
that follow. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] Figure 1 represents an embodiment of a heterodyne interferometer according to the 
30 present invention; 

[0017] Figure 1 A is a simplified diagram for mirror systems; 
[0018] Figure IB is a simplified diagram for coUimating system; 
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[0019] Figure IC is a simplified diagram for aligmnent of single mode fiber and 
waveguide; 

[0020] Figure ID is a simplified diagram for silicon V-groove blocks according to one 
embodiment of the present invention; 
5 [0021] Figure IE is a simplified diagram for positioning single mode fiber in silicon V- 
groove blocks according to one embodiment of the present invention. 
[0022] Figure 2 represents a schematic drawing of an embodiment of a planar lightwave 
circuit included in the embodiment of a heterodyne interferometer represented in Figure 1; 
[0023] Figure 2A is a simplified diagram for a homodyne interferometer according to one 
10 embodiment of the present invention; 

[0024] Figure 3 represents another embodiment of a heterodyne interferometer according to 
the present invention; 

[0025] Figure 3 A is a simplified diagram for mirror systems; 

[0026] Figure 4 represents a schematic drawing of an embodiment of a planar lightwave 
15 circuit included in the embodiment of a heterodyne interferometer represented in Figure 3; 
[0027] Figure 5 represents a schematic drawing of another embodiment of a planar 
lightwave circuit according to the present invention; 

[0028] Figure 6 represents a schematic drawing of yet another embodiment of a planar 
lightwave circuit according to the present invention; 
20 [0029] Figure 7 represents a perspective view and a cross-section of a planar lightwave 
circuit according to an embodiment of the present invention; 

[0030] Figure 8 represents a schematic drawing of an embodiment of a balanced detector; 
[0031] Figure 9 is simplified diagram illustrating relationship between reflected signal and 
surface angle; 

25 [0032] Figure 10 represents a TM mode stripper according to an embodiment of the present 
invention; and 

[0033] Figure 1 1 is a simplified diagram illustrating the effectiveness of the TM mode 
stripper as shown in Figure 10. 

30 DETAILED DESCRIPTION OF THE INVENTION 

[0034] The present invention relates generally to interferometer techniques. More 
particularly, the invention provides a method and system for using waveguide in an 
interferometer. Merely by way of example, the invention has been apphed to measuring 
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spatial locations, but it would be recognized that the invention has a much broader range of 
applicability. 

[0035] Certain embodiments of the present invention use a Planar Lightwave Circuit 
(PLC). For example, the embodiment shown in Figure 1 uses a PLC. The circuit is also 
5 commonly referred to as a Photonic Integrated Circuit (PIC), a Lightwave Integrated Optic 
(LIO) circuit or an Integrated Optic (lO) circuit among other common nomenclatures in the 
literature. PLC fabrication technology has been developed in a nimiber of material systems 
including glasses, polymers, hthium niobates and III-V semiconductors. Among the glasses 
are silica (Si02) glasses with or without additional network forming oxides such as Ge02, 
10 Ti02, P2O5 and/or B2O3. These glasses and the circuit components therein may be deposited 
onto various substrates such as silicon (Si) or quartz (Si02). 

[0036] Some embodiments of the present invention will be described in terms of the silica 
on silicon technology due to the mature state of commercial development of this material 
system along with the desirable mechanical, optical and thermal properties of this material 

15 system. However, the present invention can be realized in any of the material systems 

available for PLC development. The silica on silicon PLC may be fabricated by any of the 
processes available for this material system including but not limited to flame hydrolysis 
deposition (FHD), vacuimi deposition (VD) and various chemical vapor deposition processes 
(CVD) including low pressure CVD (LPCVD), atmospheric pressure CVD (APCVD) and 

20 plasma enhanced CVD (PECVD). 

[0037] A PLC according to an embodiment of the present invention can include single 
mode optical waveguides with one or more of waveguide bends, waveguide crossings, 
waveguide couplers and waveguide splitters. The waveguide bends usually are constrained 
to radii of curvature sufficiently large to yield acceptably low radiation loss from the bends. 

25 This radiation loss will be determined by the refractive index difference between the 
waveguide core and cladding materials (the "index contrast") and will be fixed by the 
particular waveguide properties chosen. Waveguide crossing angles may be determined by a 
minimimi crossing angle that provides an acceptably low level of crosstalk between the two 
crossing waveguides, which is a function of the index contrast. Minimum bend radii and 

30 minimimi crossing angles may determine the minimmn physical size of the PLC. 

[0038] Waveguide couplers and/or spUtters are identified in the embodiments of Figures 1- 
6 by the letters A, B, E, F, G, H and I. Splitters A and B in Figures 1 and 2 along with 
splitters G and H in Figures 5 and 6 may be Y-branch splitters, directional couplers or 
multimode interference (MMI) devices. All output couplers, E, H and I, may be directional 
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couplers or MMI devices to provide the indicated balanced output. Directional couplers will 
be described in the various embodiments of the present invention although Y-branch or MMI 
devices represent examples of applicable alternatives. 

[00391 Figure 1 is a simplified diagram for a heterodyne interferometer according to one 
5 embodiment of the present invention. This diagram is merely an example, which should not 
unduly limit the scope of the present invention. One of ordinary skill in the art would 
recognize many variations, alternatives, and modifications. Heterodyne interferometer 100 
includes mirror system 110 also called Mr, mirror system 112 also called Mb, coUimating 
system 120, coUimating system 122, laser system 130, frequency shifter system 140, single 

10 mode fibers 150, silicon V-groove blocks 160, single mode fibers 170, reference balanced 
detector 180, and measurement balanced detector 182, and PLC system 190. Although the 
above has been shown using systems 110, 112, 120, 122, 130, 140, 150, 160, 170, 180, 182, 
and 190, there can be many alternatives, modifications, and variations. For example, some of 
the systems may be expanded and/or combined. For example, mirror system 1 10 or 1 12 may 

15 be combined with PLC system 190. Other systems may be inserted to those noted above. 
Depending upon the embodiment, the specific systems may be replaced. Further details of 
these systems are found throughout the present specification and more particularly below. 
[0040] Mirror system 110 receives a laser beam from PLC system 190 and sends the laser 
beam to mirror system 112. Mirror system 112 receives the laser beam and sends the laser 

20 beam back to PLC system 190. Between mirror systems 110 and 112, the laser beam travels 
outside PLC system 190. 

[0041] Figure 1 A is a simplified diagram for mirror systems 110 and 112. The diagram is 
merely an example, which should not unduly limit the scope of the present invention. One of 
ordinary skill in the art would recognize many variations, alternatives, and modifications. 

25 Mirror system 110 includes mirrors 114 and 115, and mirror system 112 includes mirrors 116 
and 1 17. Mirror 1 14 forms a right angle with mirror 115, and mirror 116 forms a right angle 
with mirror 117. As shown in Figure 1 A, the laser beam leaves PLC system 190 at C and 
travels towards mirror system 110 substantially in parallel to direction 118. At mirror system 
110, the laser beam is reflected off of mirrors 1 14 and 115 and then travels towards mirror 

30 system 112 substantially in parallel to direction 119. At mirror system 112, the laser beam is 
reflected off mirrors 116 and 117 and subsequently returns to PLC system 190 at D. As 
discussed above and further emphasized here, Figure 1 A is merely an illustration. For 
example, mirror systems 110 and 112 may each comprise more or less than two mirrors and 
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the mirrors may take various types of configurations. In one embodiment of the present 
invention, mirror systems 110 and 112 each comprise a cube comer reflector. 
[0042] CoUimating system 120 coUimates the laser beam exiting from PLC system 190 at 
C, and coUimating system 122 focuses the laser beam returning to PLC system 190 at D. 
5 Figure IB is a simplified diagram for coUimating system 120, The diagram is merely an 

illustration, which do not unduly limit the scope of the claims. One of ordinary skill in the art 
would recognize many variations, alternatives, and modifications. As shown in Figure IB, 
PLC system 190 is formed within cladding layer 123 on top of substrate layer 124. Substra;te 
layer 125 and coUimating system 120 are attached to support layer 125. CoUimating system 

10 120 receives the laser beam exiting out of PLC system 190 at C. Exit C is located at a focal 
point of coUimating system 120 and serves substantially as a point laser source. After the 
laser beam passes through coUimating system 120, the laser beam becomes substantially 
coUimated. Additionally, coUimating system 120 is designed so that its thermal expansion in 
optical length cancels out the thermal expansion of region 127 in support layer 125. This 

15 design can be accomplished by various conventional methods, such as CTE technique. 
Additionally, coUimating system 120 may include one lens as illustrated in Figure IB or 
include several lenses. Additionally, coUimating system 122 may be constructed with a 
structure similar to the one shown in Figure IB and consistent with the above discussions. 
[0043] Laser system 130 provide a laser beam that travels through PLC system 190 and is 

20 eventually detected by reference detector 180 and measurement detector 182. For example, 
the laser beam has a wavelength ranging from a near ultraviolet wavelength to a far infrared 
wavelength. The near ultraviolet wavelength may equal 250 nm, and the far infrared 
wavelength may equal 50 |am. To improve accuracy of spatial measurement, laser system 
130 should have a good phase stability. Laser beam 132 emitted by laser source 130 usually 

25 have a coherent length that exceeds or equals the distance over which the laser beam travels 
outside PLC system 190 between C, Mr, Mb, and D. For example, the coherent length is 
several meters. Laser system 130 may use a He-Ne laser source or other type of laser source. 
[0044] Frequency shifter system 140 changes the frequency of input laser beam by a 
predetermined amount. Frequency shifter system 140 may include an acousto-optic 

30 frequency shifter, an electro-optic frequency shifter, or other type of frequency shifter. Under 
certain circimistances, the acousto-optic frequency shifter is preferred. The electro-optic 
frequency shifter may generate a large number of harmonics and hence contaminate the 
frequency purity of the laser beam. Additionally, frequency shifter system 140 may include 



an offset frequency signal generator driving the acousto-optic frequency shifter or the electro- 
optic frequency shifter. 

[0045] Single mode fibers 150 transmit the laser beam to PLC system 190 while 
maintaining polarization of the laser beam. The laser beam emitted from laser system 130 is 
5 polarized, and single mode fibers 1 SO is designed to maintain such polarization. But the 
purity of the polarization usually degrades with traveling distance in single mode fibers 150. 
Additionally, the polarization angle with respect to the planar waveguide circuit in PLC 
system 190 can be difScult to control. Similarly, single mode fibers 170 transmit the laser 
beam to reference balanced detector 180 and measurement balanced detector 182 while 

10 maintaining polarization of the laser beam. 

[0046] V-groove blocks 160 align center of each of single mode fibers 150 and 170 with 
their respective entrance to or exit from PLC system 190. Figure IC is a simplified diagram 
for alignment of single mode fiber and waveguide. The diagram is merely an illustration, 
which do not unduly limit the scope of the claims. One of ordinary skill in the art would 

15 recognize many variations, altematives, and modifications. As shown in Figure IC, cladding 
layer 123 surrounds waveguide core 164. For example, waveguide core 164 is usually about 
5-|xm in diameter, and cladding layer 123 is usually about 15-|xm thick above or below 
waveguide core 164. Single mode fiber 162 may be one of single mode fibers 150 and 170. 
Single mode fiber 162 has fiber core 163. For example, single mode fiber 162 is about 125 

20 |xm in diameter and fiber core is about 9 |am in diameter. Alignment between fiber core 163 
and waveguide core 123 prefers high precision. The high precision may be achieved by using 
silicon V-groove blocks in some embodiments of the present invention. 
[0047] Figure ID is a simplified diagram for silicon V-groove blocks according to one 
embodiment of the present invention. The diagram is merely an illustration, which should 

25 not unduly limit the scope of the claims. One of ordinary skill in the art would recognize 

many variations, altematives, and modifications. As shown in Figure ID, a silicon V-groove 
block includes side surfaces 166 and 167. Side surfaces 166 and 167 forms angle 168. 
Additionally, the silicon V-grove block has opening width 169. For example, side surfaces 
166 and 167 are 1 10 siHcon surfaces, and angle 168 equals about 55**. 

30 [0048] Figure IE is a simplified diagram for positioning single mode fiber in silicon V- 

groove blocks according to one embodiment of the present invention. The diagram is merely 
an illustration, which should not unduly limit the scope of the claims. One of ordinary skill 
in the art would recognize many variations, altematives, and modifications. As shown in 
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Figure IE, single mode fiber 162 with fiber core 163 are placed in a V-groove block and in 
contact with side surface 166 and 167. By adjusting opening width 169, the position of single 
mode fiber 162 and its fiber core 163 may be accurately controlled with respect to top surface 
165 of the silicon layer. Hence the alignment between fiber core 163 and waveguide core 
5 1 23 may be improved. 

[0049] Reference balanced detector 180 and measurement balanced detector 190 each 
measure the phase of a heterodyne interference signal by determining the time when the 
intensity of the signal drops to zero. The phase of each heterodyne interference signal may 
also be measiu-ed by observing other characteristics of the interference signal by other 

10 techniques well know in the art. 

[0050] PLC system 190 is within the rectangular region outlined by the broken line. PLC 
system 190 includes a planar lightwave circuit and TM mode stripping devices 192. The 
distance to be measured is the separation between mirrors Mr and Mb. The measurement 
beam may be considered to enter PLC system 190 at coupler B, traverse the path BC on PLC 

15 system 190, exit PLC system 190 at C, pass though coUimating system 120 and reflect firom 
mirror Mr onto mirror Mr. From mirror Mb, the beam is reflected back onto the PLC at D 
after passing though another coUimating system 122. The measurement beam then traverses 
path DE on the PLC and exits the PLC at coupler E. 

[0051] The path length on PLC system 190 of the measurement beam is BC+DE and the 
20 external path length of the measurement beam is CMr+ MrMb+ MbD. A reference path for 
the measurement beam is established by the path length BL The phase of the measxirement 
optical signal entering the PLC at coupler at B is uncontrolled and variable due to phase noise 
in laser source 130, mechanical and thermal effects in one or more single mode fibers 150 
coupling laser source 130 to PLC system 190 at B, and coupling effects between single mode 
25 fibers 150 and laser system 130 or PLC system 190, This imknown and uncontrolled optical 
phase at the input to coupler B may be defined as {t) . 

[0052] The heterodyne optical signal may be considered to enter PLC system 190 at 
coupler A. A portion of the beam exits the PLC through the measurement coupler output at E 
after traversing the path length AE on the PLC. In this embodiment, the path length AE is 
30 selected such that AE=BC+DE so that thermal variations of measurement signal path on chip 
are equal to thermal variations of heterodyne signal path. A reference path for the heterodyne 
optical signal may be established by the path length AI such that AI=BI so that thermal 
variations of these two optical paths are also matched. 
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[0053] The phase of the heterodyne optical signal entering PLC system 190 at coupler at A 
may be imcontroUed and variable due to phase noise in laser source 130, phase noise in the 
frequency shifter system 140, mechanical and thermal effects in one or several single mode 
fibers 150 coupling the laser beam to frequency shifter system 140, one or several single 
5 mode fibers coupling frequency shifter system 140 to PLC system 190 at A, and coupling 
effects between single mode fibers 150 and laser source 130, frequency shifter system 140, or 
PLC system 190. This unknown and uncontrolled optical phase at the input to coupler A may 
be defined as^^ (r) . The embodiment of an interferometer shown Figure 1 and its 

corresponding PLC schematic shown in Figure 2 will be referred to herein as a "Racetrack" 
10 configuration since the measurement beam exits PLC system 190 at port C, traverses a loop 
around PLC system 190 and reenters PLC system 190 through port D. In certain 
embodiments, this configuration accommodates the required PLC path-length equalities, 
including AE=BC+DE and AI=BI, by appropriate location of the couplers A and B on the 
PLC along with an extra "bulge" in the path AE to lengthen the inside track of AE. 
15 [0054] In the embodiment of Figures 1 and 2, the optical intensity interference pattem at 
the reference signal output coupler, I, is given by the following Equation 1 : 

[0055] Pr^^=[P,^Ps'^24P^,cos[(^co^-c^^^^ (1) 

[0056] where Pr is the optical power, is the optical frequency and ipj^ (f) is the optical 

phase at the input to coupler B while Pb is the optical power, co^ is the optical frequency and 

20 (/) is the optical phase at the input to coupler A. Equation 1 does not assume that any 

optical loss will occur. Optical loss would only appear as a reduction in the values of Pr and 
Pb. It would not affect the phase terms that are of interest in the heterodyne interferometer. 
The upper (minus) sign in the equation corresponds to the optical power in the upper 
waveguide exiting the coupler I while the lower (plus) sign corresponds to the optical power 
25 in the lower waveguide exiting the coupler 1. 

[0057] The phase terms, O^j and 6^ correspond to the optical path lengths 

= oa^n^BI I c and 0^^ = (o^n^AI I c where Ueff is the effective refractive index of the 

guided optical waves and c is the velocity of light in vacuum. The difference of these two 
phase terms in the output heterodyne interference reference signal may be defined by the 
30 following Equation 2: 

[0058] e^, -e^ = {o>^BI--o>^Al)/c = oj^n^ (BI - Al{l^- Acol co^))/ c (2) 

11 



[0059] where A^y is the offset frequency difference, cOg-co^. Since cd^ w 1.2 x 10^^ 
radians per second and Aco « 10^ to 10^ radians per second, the term involving Ao/ a) « 
10'^ to 10"^^ may be neglected. As a result, 0^^ -Oaj^ ^R^effi^^ -Al)/c = 0j, where 0j is a 

small, temperature insensitive phase angle since BI « AI by design. Hence Equation (1) may 
5 be simplified as follows: 

[00601 Pr^^ = (P, +Pb + 24KPb cos[K + i<l>R - ^i,)])/4 (2A) 

[0061] A similar equation for the optical intensity interference pattern at the measurement 
output coupler, E, may be given by the following Equation 3: 

[0062] ^[p,^P,T24P^,cos\_{o,,-co,)t^{^^ (3) 

10 [0063] where 0^ = 0bc+de " ^ae ^ small, temperature insensitive phase angle since AE « 
BC + DE by design and 2</>^ = cu^ (CM^ -^Mj^M^ +MqD)/ c contains the extemal path 
length of the measurement beam. Hence Equation 3 may be simplified as follows: 
10064] P^^^ = [P^ +P,T 2y[P^cos[ico^ - m,)t + - + 2(p, ])/4 (3A) 
[0065] Comparing the phases of the measurement interference pattern, P^^^ , and reference 

15 interference pattem, P^^:^ , we see that the unknown, imcontroUed phase function, —^^ 

may be determined from P^:^ by reference balanced detector 180. 4>r ~4>b subtracted from 
the phase of P ^ determined by measurement balanced detector 190 and the subtraction 

*^ meas 

results in 2^^ . Consequently, the distance between Mr and Mb is determined as follows: 
[0066] CM J, + M^Ms + M^D ^2^cy.(f^jQ>j, (3B) 

20 [0067] Figure 2A is a simplified diagram for a homodyne interferometer according to one 
embodiment of the present invention. The diagram is merely an example, which should not 
unduly limit the scope of the present invention. One of ordinary skill in the art would 
recognize many variations, alternatives, and modifications. As shown in Figure 2A, the 
homodyne interferometer includes at least PLC system 210 which in turn includes TM Mode 

25 Stripping Devices 212 and a planar lightwave circuit. The optical beam from a laser system 
enters PLC system 210 at coupler A, traverses the path AC on the PLC of PLC system 210, 
exits the PLC at C, passes though a collimating system and reflect from mirror Mr onto 
mirror Mb. From mirror Mb, the beam is reflected back onto the PLC at D after passing 
though another collimating system. The beam then traverses path DE on the PLC and exits 

30 PLC system 210 at coupler E. Additionally, the optical beam enters the PLC at coupler A, 
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traverse the path AE on the PLC, and exits PLC system 210 at coupler E. In this 
embodiment, the path length AE is selected such that AE=AC+DE so that thermal variations 
of two signal paths on the PLC are equal to each other. At coupler E, the signals from the 
two signal paths interfere with each other and form an interference pattern substantially 
5 independent of time. This interference pattern can be detected by a conventional detector, 
and consequently the distance between mirrors, i.e., CMr+MrMb+MbD, can be determined. 
[0068] Figure 3 is a simplified diagram for a heterodyne interferometer according to 
another embodiment of the present invention. This diagram is merely an example, which 
should not unduly limit the scope of the present invention. One of ordinary skill in the art 

10 would recognize many variations, alternatives, and modifications. Heterodyne interferometer 
300 includes mirror system 310 also called Mr, mirror system 312 also called Mb, 
coUimating system 320, coUimating system 322, laser system 330, frequency shifter system 
340, single mode fibers 350, silicon V-groove blocks 360, single mode fibers 370, balanced 
detector 380, and balanced detector 382, and PLC system 390. Although the above has been 

15 shown using systems 310, 312, 320, 322, 330, 340, 350, 360, 370, 380, 382, and 390, there 
can be many alternatives, modifications, and variations. For example, some of the systems 
may be expanded and/or combined. For example, mirror system 3 10 or 3 12 may be 
combined with PLC system 390. Other systems may be inserted to those noted above. 
Depending upon the embodiment, the specific systems may be replaced. Further details of 

20 these systems are foimd throughout the present specification and more particularly below. 
[0069] CoUimating system 322, laser system 330, frequency shifter system 340, single 
mode fibers 350, silicon V-groove blocks 360, single mode fibers 370, balanced detector 380, 
and balanced detector 382 are substantially similar to coUimating system 122, laser system 
130, frequency shifter system 140, single mode fibers 150, silicon V-groove blocks 160, 

25 single mode fibers 170, balanced detector 180, and balanced detector 182 respectively. 

[0070] Figure 3 A is a simplified diagram for mirror systems 310 and 312. The diagram is 
merely an example, which should not unduly limit the scope of the present invention. One of 
ordinary skill in the art would recognize many variations, alternatives, and modifications. 
Mirror system 310 includes mirror 314, and mirror system 312 includes mirror 316. As 

30 shown in Figure 3A, the laser beam leaves PLC system 390 at C and travels towards mirror 
system 310 substantially perpendicular to mirror 310. At mirror system 310, the laser beam 
is reflected off of mirror 314, travels towards PLC system 390, and then reenters PLC system 
390 at C. Additionally, the laser beam leaves PLC system 390 at D and travels towards 
mirror system 312 substantially perpendicular to mirror 316. At mirror system 310, the laser 
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beam is reflected off of mirror 316, travels towards PLC system 390, and then reenters PLC 
system 390 at D. As discussed above and further emphasized here, Figure 3 A is merely an 
illustration. For example, mirror systems 310 and 312 may each comprise more than one 
mirror and the mirrors may take various types of configurations. In one embodiment of the 
5 present invention, mirror systems 110 and 112 each comprise a cube comer reflector. 

[0071] PLC system 390 is within the rectangular region outlined by the broken line. PLC 
system 390 includes a planar lightwave circuit and TM mode stripping devices 392. Figure 4 
schematically represents the embodiment of the PLC circuit incorporated in the 
interferometer of Figure 3. The distance to be measured is the sum of the distance from the 
10 PLC at C to the mirror at Lr and the distance from the PLC at D to the mirror at Lb. One 
optical source may be considered to enter PLC system 390 at coupler B with optical power, 
Pr, optical frequency, a>^ , and optical phase, (t). In this embodiment, the phase of the 

measurement optical signal entering PLC system 390 at coupler B, (t), is uncontrolled and 

variable due to phase noise in laser source 330, mechanical and thermal effects in one or 
15 more single mode fibers 350 coupling laser source 330 to PLC system 390, and coupling 

effects between one or more single mode fibers 350 and laser source 330 or PLC system 390. 
A second optical source may be considered to enter the PLC at coupler A with optical power, 
Pb, optical frequency, co^ , and optical phase, (f}^ (t). In this embodiment, the phase of the 

heterodyne optical signal entering PLC system 390 at coupler A, (t), is uncontrolled and 

20 variable due to phase noise in laser source 330, phase noise in frequency shifter system 340, 
mechanical and thermal effects in one or more single mode fibers coupling laser source 330 
to frequency shifter system 340 and one or more single mode fibers coupling frequency 
shifter system 340 to PLC system 390, and coupling effects between one or more single mode 
fibers and laser source 330, frequency shifter system 340 or PLC system 390. 

25 [0072] One branch of the path of the measurement optical signal entering PLC system 390 
at B traverses the path BC, exits PLC system 390 at C and after an extemal path of 2Lr, 
reenters PLC system 390 at C and traverses the path CBF to the output coupler at F. The path 
length of this signal on PLC system 390 is 2BC+BF. One branch of the path of the 
heterodyne optical signal entering PLC system 390 at A traverses the path AF to the output 

30 coupler at F. These two path lengths are set equal, i.e. 2BC + BF = AF to compensate 
thermal effects on PLC system 390. 

[0073] Another branch of the measurement optical signal entering the PLC at B traverses 
the path BE to the output coupler at E. Another branch of the heterodyne optical signal 
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entering PLC system 390 at A traverses the path AD, exits the PLC at D and after an external 
path of 2Lb, reenters PLC system 390 at D and traverses the path DAE to the output coupler 
at E. The path length of this signal on PLC system is 2AD+AE. These later two path lengths 
are also set equal, i.e. 2AD+AE=BE to compensate thermal effects on PLC system 390. The 
5 interferometer of Figure 3 and its corresponding PLC schematic shown in Figure 4 are 

referred to herein as the "Trombone." In some embodiments, the PLC path length equalities, 
2BC + BF = AF and 2ADH-AE=BE are easily accommodated by appropriate adjustment of 
the lengths of the horizontal straight segments in Figure 4. 

[0074] In the embodiment shown in Figures 3 and 4, the optical intensity interference 
10 pattern at the optical signal output coupler, E, may be defined by the following Equation 4: 

[00751 P^.=^ + ^±^^sin[K-tu,)r + (<^,-<*,) + (^^^-2^,^-^,^)-2«>^,J (4) 

[0076] where Pr is the optical power, co^ is the optical firequency and ip^ (t) is the optical 
phase at the input to coupler B while Pb is the optical power, (d^ is the optical fi-equency and 
(t) is the optical phase at the input to coupler A as indicated in Figure 4. No optical loss 

15 has been assumed in this expression. Optical loss would only appear as a reduction in the 
values of Pr and Pb- It would not affect the phase terms that are of interest in the heterodyne 
interferometer. The upper (plus) sign in the equation corresponds to the optical power in the 
upper waveguide exiting the coupler E while the lower (minus) sign corresponds to the 
optical power in the lower waveguide exiting the coupler E. 

20 [0077] The phase terms, 9^^ and 2 0^+0^ correspond to the optical path lengths, 0^^ = 

(o^n^ffBE I c and 2^^^ + G^^ = co^n {2 AD + AE) I c , where n is the effective refi-active 

index of the guided optical waves and c is the velocity of light in vacuum. The difference of 
these two phase terms may be defined by the following Equation: 
[0078] ~ 20^^ - 0^^ = n^{a}^BE - €0^(2 AD + AE))/c 

25 = (Oj,n^ {be -{2AD + AE){\ + ^a>l(o^ ))/c (5) 

[0079] where Aco is the offset fi-equency difference, m^-coj^. Since fi^^^ « 1.2 x 10^^ 
radians per second and A<y « 10 to 10 radians per second, the term involving Afy/ty^, « 10" 
to 10'° may be neglected. Also, O^e - 20^ -Oae'^ ®« V (^^ ~ + ^)) Ic^O^, where 
0^ is a small, temperature insensitive phase angle since BE » 2AD + AE by design. The 
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phase term 2^^^^ = ^^b^b ^ ^ contains the round trip path length from PLC system 390 at exit 
point D to mirror system Mb and back to point D. 

[0080] A similar equation for the optical intensity interference pattem at the optical signal 
output coupler, F, is given by the following Equation 6: 

5 [00811 P^,=:^+:|±>^sin[K«,)? + (^,-^>^)+(2^,c+^,^-^^) + 2<^eLj (6) 

[0082] where 6^ = 2^^^ + O^j, - 9^^, is a small, temperature insensitive phase angle since 

AF « 2BC + BF by design. The upper (plus) sign in the equation corresponds to the optical 
power in the upper waveguide exiting the coupler F while the lower (minus) sign corresponds 
to the optical power in the lower waveguide exiting the coupler F. The phase term 
10 2^^^^ = 2(o^L^ I c contains the round trip path length from PLC system 390 at exit point C to 

mirror Mr and back to point C. If the phase of the signal out of coupler E is subtracted from 
the phase of the signal out of coupler F, the result 2 {^cit, ^dl^, )'^^f~^e obtained, which 
contains the separation of the two mirrors plus two small, fixed, temperature insensitive 
terms, and 0^ . and 0^ are usually negligible and Aco is also usually negligible, so 
15 the sum of Lr and Lb can be calculated as follows: 

[0083] L^+L^=cx ((P^^^ + (l>^,^ )/cOj, (6A) 

[0084] While the interferometer configuration shown in Figure 3 is such that measurement 
of the sxmi of the two distances, Lr and Lb allows elimination of the uncontrolled phase 
fluctuations at the input couplers, ^r-^b* ^^^^ possible to add a separate measurement 
20 circuit to determine this quantity as shown the schematic representations of PLC circuits 
shown in Figures 5 and 6. 

[0085] In Figxire 5, the additional couplers G and H are arranged such that the input phase 
signal is coupled out on the left side of the PLC. This embodiment is referred to herein as the 
"Lightbulb". The design and operation of this circuit is essentially the same as the 
25 "Trombone" except that some optical power is coupled out at I to provide the reference 
signal. 

[0086] As shown in Figure 5, PLC system 590 is within the rectangular region outlined by 
the broken line. PLC system 590 includes a planar lightwave circuit and TM mode stripping 
devices 592. One branch of the measurement optical signal entering PLC system 590 at B 
30 traverses the path BC, exits the PLC at C and after an external path of 2Lr, reenters the PLC 
at C and traverses the path CBF to the output coupler at F. One branch of the heterodyne 
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optical signal entering PLC system 590 at A traverses the path AD, exits the PLC at D and 
after an external path of 2Lb, reenters the PLC at D and traverses the path DAE to the output 
coupler at E. 

[0087] Additionally, another branch of the measurement optical signal entering PLC 
5 system 590 at B traverses the path BGE to the output coupler at E. Another branch of the 
heterodyne optical signal entering the PLC at A traverses the path AHF and exits PLC system 
590 at F. Moreover, yet another branch of the measurement optical signal entering PLC 
system 590 at B traverses the path BGI to the output coupler at I. Yet another branch of the 
heterodyne optical signal entering PLC system 590 at A traverses the path AHI to the output 
10 coupler at L 

[0088] If the optical signal inputs are as described for the Trombone circuit discussed 

above, i.e., {<^r9^r) into coupler B and {<^b*^b) ^^^^ coupler A, then the optical 

intensity interference pattern at the optical signal output coupler, E, is given by the following 
Equation 7: 

1 5 [0089] = ^ + ^ ± V5Ssin[K -oy,)t^ - 

+ i^BcoE - 20,^ -0^,)- 2(f>^,^ ] (7) 

[0090] The upper (plus) sign in the equation corresponds to the optical power in the upper 
waveguide exiting the coupler E while the lower (minus) sign corresponds to the optical 
power in the lower waveguide exiting the coupler E. The phase angle 
20 ^BG+GE " - 9^ = is made small and temperature invariant or insensitive by setting 

the path lengths BG+GE=2AD+AE. 0^ is usually negligible. 

[0091] The optical intensity interference pattern at the optical signal output coupler, F, is 
given by the following Equation 8: 

[0092] = ^ + ^ ± J^sm[{coR -o>s)t + i^P^ - M 

25 + (20,^ + 0,^ ^ 0„ ) -h 2(P^,^ ] (8) 

[0093] The upper (plus) sign in the equation corresponds to the optical power in the upper 
waveguide exiting the coupler F while the lower (minus) sign corresponds to the optical 
power in the lower waveguide exiting the coupler F. The phase angle 
20bc + 9bf ® AH+HF = Qp is made small and temperature invariant or insensitive by setting 
30 the path lengths 2BC-i-BF=AH+HF. 0^ is usually negligible. Finally, the optical intensity 
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interference pattern at the optical signal output coupler, I, is given by the following Equation 
9: 

[0094] P^^=^^^± 2l^sm[(co, -o,,)t^ {<l>, ^ <t>B ) 

+ ^BG^Gl ~ ^AH+HI ] (9) 

5 [0095] The upper (plus) sign in the equation corresponds to the optical power in the upper 
waveguide exiting the coupler I while the lower (minus) sign corresponds to the optical 
power in the lower waveguide exiting the coupler I. The phase angle Obg+gi " ^ah+hi = 
made small and temperature invariant or insensitive by setting the path lengths 
BG+GI=AH+HL 0j is usually negligible. As discussed above, (o^ - coj^ is also usually 
10 negligible. From the phase of Equation 9, the unknown and uncontrolled phase term, 

^R-(pB^ may be obtained for an independent determination of Lr and Lb in Equations (7) and 
(8). 

[0096] Figure 6 illustrates an embodiment in which the additional couplers G and H are 
arranged such that the input phase signal is coupled out on the right side of the PLC. This 
15 embodiment is referred to herein as the "Jellyfish", The design and operation of this circuit is 
similar to the Lightbulb circuit as shown in Figure 5. 

[0097] As shown in Figure 6, PLC system 690 is within the rectangular region outlined by 
the broken line. PLC system 590 includes a planar lightwave circuit and TM mode stripping 
devices 692. One branch of the path of the measurement optical signal entering PLC system 

20 690 at B traverses the path BC, exits PLC system 690 at C and after an extemal path of 2Lr, 
reenters PLC system 690 at C and traverses the path CBF to the output coupler at F. The path 
length of this signal on PLC system is 2BC+BF. One branch of the heterodyne optical signal 
entering the PLC at A traverses the path AD, exits PLC system 690 at D and after an extemal 
path of 2Lb, reenters PLC system 690 at D and traverses the path DAE to the output coupler 

25 at E. The path length of this signal on PLC system 690 is 2AD+AE. 

[0098] Another branch of the measurement optical signal entering PLC system 690 at B 
traverses the path BHE to the output coupler at E. Another branch of the heterodyne optical 
signal entering PLC system 690 at A traverses the path AGF, exits PLC system 690 at F. 
Additionally, yet another branch of the measurement optical signal entering PLC system 690 

30 at B traverses the path BHI to the output coupler at I. Yet another branch of the heterodyne 
optical signal entering the PLC at A traverses the path AGI to the output coupler at I. 
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[0099] If the optical signal inputs are as described for the Trombone circuit discussed 

above, i.e., {g>r^&r ) into coupler B and {Pb^^b ) into coupler A, then the optical 

intensity interference pattern at the optical signal output coupler, E, is given by the following 
Equation 9A: 



5 [0100] = ^ + ^ ± A/5Ssin[K - <^B)t + - M 

+ (^BH.HE " 20^ - ) - 2<^^,^ ] (9A) 
[0101] The upper (plus) sign in the equation corresponds to the optical power in the upper 
waveguide exiting the coupler E while the lower (minus) sign corresponds to the optical 
power in the lower waveguide exiting the coupler E. The phase angle 
10 ^BH+HE ~ 2^ AD ~ ^AE = ^E ^lade Small and temperature invariant or insensitive by setting the 
pathlengths BH+HE=2AD+AE. 0^ is usually negligible. 

[0102] The optical intensity interference pattem at the optical signal output coupler, F, is 
given by the following Equation 10: 

[0103] = ^ + ^ ± AS5sin[(dy, ^co,)t^ - 

15 +{20Bc +0^f-0ao.gf)^2(I>^l^ (10) 

[0104] The upper (plus) sign in the equation corresponds to the optical power in the upper 
waveguide exiting the coupler F while the lower (minus) sign corresponds to the optical 
power in the lower waveguide exiting the coupler F. The phase angle 
20BC + ^BF ~ ^ag^gf = ^F is niade small and temperature invariant or insensitive by setting 

20 the path lengths 2BC+BF=AG+GF. 0^ is usually negligible. 

[0105] The optical intensity interference pattem at the optical signal output coupler, I, is 
given by the following Equation 1 1 : 

[0106] P,, = ^ + ^ ± V55sin[(a>^ - a>,)t 

^(h-M-^ OsH.Hi - ] (11) 

25 [0107] The upper (plus) sign in the equation corresponds to the optical power in the upper 
waveguide exiting the coupler I while the lower (minus) sign corresponds to the optical 
power in the lower waveguide exiting the coupler 1. The phase angle 0bh^hi ^ ^ag^ge = ^/ > is 
made small and temperature invariant or insensitive by setting the path lengths 
BH+HI=AG+G1. 01 is usually negligible. As discussed above, co^ -ey^ is also usually 
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negligible. From the phase of Equation 11, the unknown and uncontrolled phase term, 
(t^R-<l>By may be obtained for an independent determination of Lr and Lb in Equations 9A and 
10. 

[0108] The present invention provide advantages in various applications. For example, 
5 certain embodiments of the present invention can provide a number of advantages in the 
fabrication process. Along these lines, some embodiments of the present invention may be 
employed to replace a number of discreet, precision optical components and the attendant 
assembly processes with a single component manufactured with standard industrial processes 
which have grown out of a combination of optical fiber fabrication technology and 

10 microelectronic large scale integration technology. Figure 7 illustrates a perspective view 
and a cross-section of a planar lightwave circuit described in conjimction with PLC system 
390 in Figures 3 and 4. In Figure 7, optical waveguides are embedded in a silica layer on top 
of a silicon layer. If the planar lightwave circuit according to some embodiments of the 
present invention employs telecom industry wavelengths, there is no change or perturbation 

15 to standard PLC process lines, even though the photolithographic mask to define the specific 
circuit is required as a special item. 

[0109] The optical waveguide size and minimum bending radii may be determined by the 
specific index contrast utilized in a particular fabrication facility or process. Representative 

values are given in Table 1 fi*om M. Kawachi, Recent progress in silica based planar 
20 lightwave circuits on silicon, lEE Proc.-Optoelectron., Vol. 143, pp. 257-262 (1996). 



Table 1 Silica on Silicon Waveguide Parameters 



Waveguide type 


Low An 


Middle An 


High An 


Core/cladding 
index contrast An(%) 


0.25 


0.45 


0.75 


Core size, jxm 


8X8 


7X7 


6X6 


Loss, dB/cm 


<0.1 


<0.1 


<0.1 


Fiber coupling 
loss, dB/point 


<0.1 


0.1 


0.5 


Minimum bending 
radius, mm 


25 


15 


5 



[0110] From the PLC circuits laid out as schematically indicated in Figures 2, and 4-6, the 
minimum bending radii given in Table 1 will establish typical minimimi PLC circuit 
25 dimensions equal to or greater than about 5 cm by about 5 cm for a low index contrast 
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process to about 1 cm by about 1 cm for a high index contrast process since all circuits 
involve arcs of about 90° or about 180° in various orientations. 

[0111] The total thickness of glass on the silicon substrate typically varies from about 10 to 
about 50 fim. This thickness is dependent on the established processes of various 
5 manufacturers and does not affect the operation of the PLC. It may, however, influence the 
post process fabrication of TM mode stripping structures as discussed below. 
[0112] In the above analyses, it was assumed that critical phase relations were established 
at the input couplers (A and B in Figures 1, 2, 3, 4, 5, and 6) and persisted only through the 
output couplers (E, F and I in the Figures 1, 2, 3, 5, and 6). This is true since the phase of the 

10 two signals exiting coupler A are fixed with respect to one another at the input of coupler A 
as are the two signals exiting coupler B fixed with respect to one another at the input of 
coupler B. When the signals exit the couplers E, F or I, the beat note between the two signals 
leaving the couplers is established and no fiirther interaction occurs. Thus, the entire 
heterodyne interaction occurs in the robust, monolithic, photolithographically defined 

15 stmcture of silica on silicon. 

[0113] Some embodiments of the present invention uses couplers, combiners or splitters 
that equally distribute its output power to two terminals. The equal distribution of output 
power facilitates balanced detection optimization. However, there may be advantages to use 
other splitting ratios in certain cases. Figure 8 schematically represents the output of a 

20 balanced detector as being the difference in photocurrents generated in two series connected 
photodiodes. The input optical powers to a directional coupler are {p^r^^r ) to the upper 

waveguide and {cOg^Og ) to the lower waveguide. For example, the directional coupler 

may be coupler I or E as shown in Figure 1 . The coupling of energy from the lower to upper 
waveguide and visa versa is dependent upon the coupling constant k between the waveguides 
25 and the length L of the interacting region. There is a sinusoidal variation of the coupling with 
length and coupling constant as indicated in Figure 8. The upper waveguide existing the PLC 
has intensity Pup as shown below. 

[0114] ^"'^ " + sin' kL - 2y[p~^sin[{a}j, - + 0^,-- 0g]smkLcoskL ^j^) 

Additionally, the lower waveguide existing the PLC has intensity Pdown as shown below. 
30 [0115] P^^ = sin' kL + P^ cos' kL + l^P^^P^ sin[(ty^ -cOb^^^r -O^^sinkLcoskL (13) 
[0116] The balanced detector subtracts the response current corresponding to Pdown from 
the response current corresponding to Pup and obtain the signal current isig, as shown below. 
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10117] r =A^iP,- P«)(cos' kL - sin' kL) 



- 4A^^ 4PrPb sin[(ty/( - t»B + - ] sin kL cos kL 



(14) 



[0118] where Ares is a constant measuring sensitivity of the detector. If the coupUng 
constant and interaction length are such that k:L=7r/4, then the coupUng ratio is 50:50 and the 
5 signal intensity, isig, in the balanced detector contains only the beat frequency or heterodyne 
term. Also the signal current isig reaches the following maximum when kL=7r/4, 



[0120] Furthermore, if the total optical power into the coupler, Popt = Pr + Pb is fixed, then 
the signal current is maximized for Pr = Pb = Popt / 2 . 

10 [0121] If the total input optical power to the PLC is fixed by laser system 130 or 330 as 
indicated in Figures 1 or 3 but the optical loss in one channel is excessive (typically in the 
measurement path to external mirrors Mr and Mb), then further circuit optimization may be 
possible by adjusting the coupling ratios of the input couplers, A and B. In the case of the 
Racetrack circuit. Figures 1 and 2, the input coupler splitting ratio may be designed to 

15 provide excess power into the measurement path. In the case of the Lightbulb and Jellyfish 
circuits shown in Figures 5 and 6, the reference splitters G and H may be designed to 
optimize the division of power between the reference output port at I and the measurement 
ports at E and F. 

[0122] Further advantages of certain embodiments of the present invention relate to 
20 temperature insensitivity of the devices. In the description of the various embodiments of the 
PLC circuit, certain path lengths were set equal to minimize thermal effects. These are 
summarized in Table 2, The small phase offset terms maybe written as 

{a)^n^/ c)\^t!d.--L/S.col co^\ or ^ / yl^^^[AL - LA(o / q}j^] where is the free space 
wavelength of the optical signal at frequency o?^ . 



[0119] isig=-2^,^7^sin[(, 
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Table 2 Phase imbalance or off-set terms 



Circuit 


Matching Paths 


Phase Off-set 


Racetrack 
Figures 1-2 


AE=BC-i-DE 


0 =m n FBr + DE- AEn + Arn/m W/c 


AI=BI 


Q _ „ FRT — ATH -4- Am/r.^ "^l/r 

Vy J — UJ *^^eff L"*^''' .*VL^i LjAXJ I y J ' ^ 


Figures 3 
and 4 


BE=2AD+AE 




AF=2BC+BF 




Lightbulb 
Figure 5 


BG+GE=2AD+AE 


Gg = coRiijff [BG + GE - (2 AD + AE)(1 + Aco / cOr )] / c 




Bp = Q)Rnjg.[2BC + BF — (AH + HF)(1 + Ao)/c()r)]/c 


AH+HI=BG+GI 


0, =(ORneff[BG + GI-(AH + HI)(l + A(o/<DR)]/c 


Jellyfish 
Figure 6 


BH+HE=2AD+AE 


©E = C0Rn,a.[BH + HE - (2AD + AE)(1 + A(D/a)R)]/c 


AG+GF=2BC+BF 


Gp = ©Rn^ff [2BC + BF - (AG + GF)(1 + Aco / Wr )] / c 


AG+GI=BH+HI 


Gi = ©Riieff [BH + HI - (AG + GI)(1 + A© / cOr )] / c 
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[0123] For example, AL equals BC+DE-AE for Racetrack PLC and may easily be 
maintained at equal to or less than about 5 micrometers by the photolithographic 
design/fabrication process, including the location of the PLC edges at C and D in Figures 1-6. 
The edges of the PLC may be identified by a series of fiducial lines included on the 
photolithographic mask and precision edge polishing following PLC fabrication. The 
properties of silica on silicon PLCs is such that the thermal coefficient of optical path length 

changes in a silica based waveguide is (ai^^ AL) = 1 X 10'^ [1/°C] so that if AL < about 

AL dT ^ ' 

5 Jim, SAL < about 5 x 10"^<§r /xm. A change in temperature of approximately one degree 
Celsius will result in only about 50 picometers of PLC imbalance change. 
[0124] From the embodiments of interferometer PLCs indicated in Figures 2, 2 A, 4, 5 and 
6, the PLC optical path lengths of all paths from A or B to E, F, or I will be L ~ 27rRniin, 
where Rmin is the minimum radius of curvature from Table 1. Since 5 < Rmin ^ 25 mm and 
10-^° < t^cDlco^ <10 \the maximum thermal contribution of the n^Lts.Q>l co^ term to the 

optical path-length change will be 5L < 1.6 x 10"^ 6T micrometers. A temperature change of 
about one degree Celsius will result in only about 0.016 picometers of PLC unbalance 
change, which is completely negligible compared to the thermal effects associated with AL 
changes. 
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[0125] Still additionally advantages of some embodiments of the present invention relate to 
immunity of devices from spurious signals. Spurious signals at the output couplers at the two 
frequencies o)r and cob, which have traversed paths other than the intended path will introduce 
measurement errors. These spurious signals may arise from reflections (especially at PLC 
5 interfaces with the external world), cross coupling (at waveguide crossings) and polarization 
mode dispersion. 

[0126] The use of "angle lapping" is well known in the fiber optic industry to reduce 
reflections at fiber-fiber interfaces. This technique is also used for fiber PLC interfaces. An 
additional interface refection reduction at fiber PLC interfaces is accomplished by the use of 

10 index matching bonding agents at the silicon V-block fiber assembly structures indicated in 
Figures 1 and 3. For the interferometer, reflection reduction at the PLC free space interfaces, 
ports C and D in the embodiments shown in Figures 1 -7, by angle lapping will result in 
reflection reduction as indicated in Figure 9. The angle may vary from zero degree to about 
7.5 degrees. Further reduction may be achieved by anti reflection coating of the PLC free 

IS space interface. 

[0127] Single mode optical fibers and single mode waveguides in PLCs may sustain two 
orthogonal polarizations that may propagate at slightly different velocities. It may therefore 
be necessary to preferentially excite only one polarization mode at each input port, such as 
ports A and B in the embodiments shown in Figures 1-7, and to remove any optical power 
20 scattered from the desired mode into the orthogonal mode in the interferometer. This "mode 
stripping" operation may be accomplished at the output ports, such as ports E, F and I in the 
embodiments shown in Figures 1-7, as well as at portions of PLCs close to output interface C 
or/and D. 

[0128] Preferential excitation of the desired mode may be accomplished by transporting the 
25 polarized laser beam to the PLC by polarization maintaining fibers as indicated for example 
in Figures 1 and 3. A mode stripping structure may be fabricated in PLCs as indicated in 
Figures 10 and 11. This structure can operate on the differing optical currents associated with 
the TE and TM modes that are induced in a metallic conductor. The TM optical mode is 
characterized by a large transverse optical frequency magnetic field oriented parallel to the 
30 plane of the PLC while the TE optical mode is characterized by a large optical frequency 

magnetic filed oriented perpendicular to the plane of the PLC. The tangential magnetic field 
induces optical currents in adjacent metallic conductors. Figure 1 1 illustrates optical 
attenuation in the TM and TE modes of a high-index-contrast single mode waveguide due to 
an Al metal film. The index contrast is represented by An. The thick top waveguide cladding 
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layer may be thinned to the desired depth by various processes such as reactive ion etching, 
ion beam milling and/or wet chemical etching. As shown in Figure 1 1 , upper clad thickness 
1110 may range from 2 to 4 }xm. The chosen etch procedure may be adjusted to provide a 
smooth surface for the deposition of the metallic film. The chosen example metal, Al, was 
5 selected due to the large magnitude of both the real, n, and imaginary, k, components of the 
optical index for Al at a wavelength of about 1.56 /xm. These mode stripping patches may be 
located outside of the PLC paths before the input couplers A and B, after the output couplers 
E, F, and I in Figures 1-7, or close to PLC interface C or D, 

[01 29 J Certain embodiments of the present invention provide a solution to problems 
10 existing with known devices. Along these lines, these embodiments provide a small, 

lightweight and robust optical gauge. A planar lightwave circuit (PLC) according to the 
present invention replaces large bulk components typically utilized in known devices. Use of 
the PLC according to some embodiments of the present invention results in smaller devices 
that are less sensitive or insensitive to thermal changes. The top surface of a PLC system 
15 may be less than 25 cm^, as shown by PLC system 190 in Figures 1 and 2, by PLC system 
210 in Figure 2A, by PLC system 390 in Figures 3 and 4, and 7, by PLC system 590 in 
Figure 5, and by PLC system 690 in Figure 6. The PLC system may weigh less than 20 
grams. Additionally, a device according to certain embodiments of the present invention can 
be fiber coupled to inputs and outputs, such as sensors and light sources, and contains few 
20 components. Features of some embodiments of the present invention can permit devices to 
measure distance changes, for example, that are on the order of about one millionth of the 
wavelength of light utilized in an application of the device. 

[0130] Some embodiments of the present invention can provide a device that can be 
utilized in the control of large structures by providing position, velocity, and acceleration data 

25 for control loops, characterization of turbulent flow by measuring velocity spectra, 

characterization of soimd by measurement of motion of surfaces, among other variables. Due 
to its size, construction, and operating characteristic, certain embodiments of the present 
invention are particularly suited to use for control of large, remotely controlled optical 
systems. Devices according to the present invention could also be utilized on assembly lines, 

30 where process controls require the non-contact control of positions and velocity. Devices 
according to the present invention are particularly usefiil where a rugged design is required. 
[0131] The foregoing description of the invention illustrates and describes the present 
invention. Additionally, the disclosure shows and describes only the preferred embodiments 
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of the invention, but as aforementioned, it is to be understood that the invention is capable of 
use in various other combinations, modifications, and environments and is capable of changes 
or modifications within the scope of the inventive concept as expressed herein, 
commensurate with the above teachings, and/or the skill or knowledge of the relevant art. 
For example, the PLC circuits in Figures 4, 5, and 6 may be modified to form homodyne 
interferometers. As another example, the waveguide circuits used in various embodiments of 
the present invention are not planar. The embodiments described hereinabove are fiuther 
intended to explain best modes known of practicing the invention and to enable others skilled 
in the art to utilize the invention in such, or other, embodiments and with the various 
modifications required by the particular applications or uses of the invention. Accordingly, 
the description is not intended to limit the invention to the form disclosed herein. Also, it is 
intended that the appended claims be construed to include altemative embodiments. 
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